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ABSTRACT:
In an effort to evaluate mineral-water isotopic exchange during cyclic steam 22 stimulation (CSS), solutions and <2 m berthierine-dominated solids from the Clearwater 23
Formation oil sands of Alberta, Canada were analyzed for stable isotope compositions before and 24 after reaction in autoclaves for 1008 hours at 250°C. There was no significant change in solution 25 was established between the solids and the solutions. Calculation suggests that oxygen-isotope 30 exchange (44-58%) was greater between the solids and solutions than was the case for hydrogen 31 isotopes (23 to 50 %). We propose that this behaviour resulted from partial inheritance of the 32 pre-run berthierine structure during formation of the post-run smectite, chlorite-smectite and 33
chlorite. This process confounds the use of clay mineral stable isotope compositions as a 34 temperature indicator of in situ steam/steam condensate interaction with oil-sands reservoirs. 35
The results also suggest an additional mechanism by which new clay minerals can be formed 36 during CSS-related, artificial diagenesis. 37 have potential to cause formation damage -a decrease in permeability through formation of clay 65 minerals, precipitation of scale, and the physical migration of clay-size fines. 66 67 68
Fig. 1. Simplified map of Alberta with the locations of its three major oil sands deposits: Peace 69
River, Cold Lake and Athabasca. The samples examined in this study are from the Cold Lake 70 deposits. 71
72
The Clearwater deposits are very rich in clay minerals, which can comprise as much as 10 73 % of the sands . Most of the Clearwater Formation facies contain abundant 74 detrital clays, which occur in interbeds, laminae and clasts as well as being dispersed in the matrix 75 (McCrimmon, 1996) . The unit is also very rich in secondary clays (Longstaffe, 1994; Hornibrook 76 and Longstaffe, 1996; McKay and Longstaffe, 1997). The fine grain size, large surface area and 77 commonly grain-coating and/or pore-lining nature of these clays makes them more likely to react 78 6 with steam during CSS. As noted above, modification of clay minerals can cause significant 79 formation damage to reservoirs during hydrocarbon recovery (e.g., Gray and Rex, 1966; Kirk et al., 80 1987; Krueger, 1988; Barrett and Mathias, 1992 ; Nadeau, 1998; Civan, 2016; . 81
These studies show that formation of swelling clay minerals in particular can cause a reduction in 82 porosity and permeability of reservoirs during thermal recovery. Remediation of such formation 83 damage is usually costly and difficult. Hence, knowledge of the thermal behaviour and associated 84 reactions affecting oil sands reservoirs during CSS has significant implications for successful 85 hydrocarbon recovery. 86
Laboratory experiments provide a good way to investigate the behaviour of oil sands 87 during steaming. Those by Kirk et al. (1987) are among the earliest studies of Clearwater oil sands 88 during steaming processes. Their samples were obtained from the Husky Oil Tucker Lake pilot site 89 in Athabasca area. conducted a series of autoclave experiments at 90 250°C on Clearwater oil sands from Cold Lake area with a focus on the hydrothermal stability of 91 clays minerals, especially berthierine, which is among the most common clay minerals in the 92
Clearwater Formation. 93 In field tests, Longstaffe (1994) 
X-ray diffraction (XRD) analysis

130
The mineralogy of the <2 µm solids used in the autoclave experiments was 131 determined by powder XRD analysis. Several pre-treatments were applied to the <2 µm 132 clay fraction to facilitate its identification. Treatments included Ca-saturation followed by 133 XRD analysis of oriented samples at (i) 54 % relative humidity (RH) and then (ii) after 134 vapour saturation with ethylene glycol, and K-saturation followed by XRD analysis of 135 oriented samples at (iii) 0% RH and then (iv) 54% RH, followed by heating to (v) 300 °C and 
Stable isotope analysis 165
The pre-and post-run <2 µm solids and solutions were analyzed for their oxygen-and 166 hydrogen-isotope compositions, and the results are reported in the usual -notation relative to 167 Vienna Standard Mean Ocean Water (VSMOW; Coplen, 1994). Prior to isotope analysis, samples 168 were heated at 150°C under vacuum overnight to remove adsorbed water. Structural oxygen was 169 then extracted from the samples using the BrF 5 method (Clayton and Mayeda, 1963). This oxygen 170 was then converted to CO 2 through reaction with hot graphite and the resulting CO 2 was analyzed 171 using a Micromass Optima dual-inlet isotope-ratio-mass-spectrometer (IRMS 
Brief Description Of Autoclave Tests 187
As reported in detail by , the autoclaves were loaded with 0.25 grams of 188 <2 µm solids (from ZB5 or ZB6) and 100 ml of one of four types of solution having different pH and 189 chemistry ( Table 1) . The samples were then sealed and heated at 250°C for 1008 hours, which are 190 a temperature and time typical of CSS. The results indicated that berthierine largely disappeared 191 during the hydrothermal reactions. In acidic solutions, Fe-chlorite was the major reaction product. 192
In neutral to alkaline solutions, the principal products replacing berthierine were swelling clays, 193 with minor amounts of analcime and in one case, chlorite ( clay produced was mainly Fe-rich, tri-octahedral Fe-saponite in neutral solutions, and mixed-layer 195 chlorite-smectite in alkaline solutions. The reaction of berthierine to smectite plus analcime in 196 alkaline solution at 250°C was described by 
Results 201
The stable isotope results for pre-and post-run solutions are presented in Table 3 * The abundances of clay minerals were obtained using the intensities of the (001) diffractions from Ca-glycolated (1.7 nm, 1.0 nm and 0.7 nm clays) and K-550 o C (1.4 nm clay) samples; All the individual values are rounded up to the closest 1 %. ** C-S and I-S represent mixed-layer chlorite-smectite and illite-smectite, respectively. 
Discussion 219
Stable isotopes in solutions 220
The absence of significant differences between the  boiler-feed water and recycled water produced during CSS projects that were exploiting 238 berthierine-rich, Cold Lake oil sands. 239 240
Isotope exchange between solids and solutions 241
In addition to the mineral reactions (e.g. equation [1]) described by Zhou et al. ( , 242 1994 , oxygen-and hydrogen-isotope exchange occurred between the solids and solutions 243 during the autoclave experiments. Given the high water/solid ratios of the autoclave experiments, 244 the isotopic compositions of the pre-run solids would be expected to have shifted towards values 245 calculated for equilibrium with the solutions at 250°C. The extent of this process can be described 246 as the percentage of exchange : 247
where  M represents the measured  The solids used in the autoclave tests consist of multiple phases (Table 2 ) and thus their 252 stable isotope compositions are the combination of the contributions from all phases present: 253
where X i refers to the mole fraction of phase i for oxygen or hydrogen, and  i refers to oxygen-or 255 hydrogen-isotope compositions of phase i in the solids. 256
The equilibrium stable isotope compositions expected for the solids at 250°C can be 257 estimated using mineral-water oxygen-and hydrogen-isotope fractionation factors. Only clay minerals were considered in the calculation of hydrogen-isotope compositions in 280 equilibrium with the solutions at 250°C, as most other phases present do not contain significant 281 hydrogen in their structure. Analcime does contain channel water, which is very difficult to 282 analyze, and some fraction of this water can exchange with the atmosphere under ambient 283 conditions in the laboratory. However, appropriate pre-treatment removes most channel water 284 from analcime prior to analysis. Hydrogen-isotope fractionation factors between clay minerals and 285 waters are less well-known than for oxygen (Savin and Lee, 1988; [14], we obtain a clay-water fractionation factor of −76 to −60‰, which produces even lower 339 equilibrium hydrogen-isotope compositions for chlorite and berthierine, and thus an even lower 340 calculated percentage of isotopic exchange. A similar argument can be made for the Fe-rich 341 saponite reaction product, for which larger clay-water H-isotope fractionations can also be 342 anticipated . Hence, a different mechanism is needed to explain these 343 results. 344
Structure inheritance in clay minerals 346
A possible explanation for the measured oxygen-and hydrogen-isotope compositions of 347 the autoclave reaction products is that the post-run clays (smectite, chlorite-smectite and chlorite) 348 inherited part of their oxygen and hydrogen from precursor berthierine. The idea that minerals 349 might inherit structural components from precursors has been proposed previously (e.g., 350
Robertson and Eggleton, 1991; Bird et al., 1994). Robertson and Eggleton hydroxyl oxygen by ~27 ‰ at surface temperatures (Girard and Savin, 1996) . 359
Here we propose that isotopic inheritance from pre-run berthierine (1:1 layer) can explain 360 the incomplete isotopic exchange measured for the post-run clay minerals, using smectite (2:1 361 layer) as an example. If smectite formed solely by precipitation from the solutions fed by 362 dissolution of pre-run solids, all oxygen and hydrogen in the smectite should have acquired their 363 isotopic compositions from the solutions. In this scenario, the stable isotope compositions of the 364 post-run smectite should be close to the calculated values illustrated in Fig. 3 , presuming that 365 22 isotopic equilibration occurred during clay neoformation. Instead, the percentage of oxygen-366 isotope exchange observed for post-run smectite ranges from 49-58 % (avg. 55 %) and is lower still 367 for hydrogen (23-41 %, avg. 34 %) (Table 4) . These amounts are similar for the experiments in 368 which chlorite and/or chlorite-smectite were produced (oxygen, 40-54 %, avg. 46 %; hydrogen, 23-369 50 %, avg. 34 %). 370
The hydrothermal smectite 2:1 layer structure could also be formed by precipitation of a 371 tetrahedral sheet ('silication') onto a pre-existing berthierine 1:1 layer. In the simplest case, only 372 ten out of twenty-four oxygen atoms in the smectite structure would originate from the solution, 373 some original hydroxyl groups in the precursor berthierine would be lost to facilitate docking of 374 the tetrahedral sheet to the precursor octahedral sheet, and no new hydrogen would be added 375 (Fig. 4) . This would result in 42% oxygen-isotope exchange (ignoring complications from 376 intracrystalline oxygen-isotope fractionation in clay minerals; Girard and Savin, 1996) and 0% 377 hydrogen-isotope exchange. 378
Neoformed Tetrahedral Sheet
"Silication" The cation-hydroxyl bond (e.g., Al-OH) is weaker than the cation-oxygen bond (e.g., Al-O-389
Si) and hence hydroxyl groups tend to be exchanged or replaced more readily than oxygen bonded 390 only to cations. If one out of four of the hydroxyl groups in the new smectite had originated from 391 the solutions, or isotopically exchanged with a precursor hydroxyl during the berthierine to 392 smectite transformation, the amounts of oxygen-and hydrogen-isotope exchange would increase 393 to 46% and 25%, respectively (Fig. 4) . If two hydroxyl groups underwent such processes during 394 smectite formation, the amounts of oxygen-and hydrogen-isotope exchange would each reach 395
50%. 396
This conceptual model provides a mechanism to explain the amount of oxygen-and 397 hydrogen-isotope exchange measured for the post-run smectites (and the chlorite-smectite and 398 chlorite). The lack of an exact match between measured versus predicted percentages of isotopic 399 exchange points to the complexity that can accompany partial inheritance from a precursor 1:1 400 layer phase. Some of the mismatch may reflect a failure to account for intracrystalline oxygen-401 isotope fractionation at hydrothermal temperatures during tetrahedral sheet neoformation and 402 hydroxyl group loss/exchange as the silica sheet is docked to the precursor 1:1 layer. Other 403 processes operating likely include proton exchange between the octahedral sheet hydrogen and 404 24 the solutions (e.g., Longstaffe and Ayalon, 1990), and anion exchange of original non-hydroxyl 405 oxygen, particularly when coordinated with Fe. Notwithstanding these caveats, the results of this 406 study suggest that inheritance from precursors should be considered when interpreting the 407 oxygen-and hydrogen-isotope compositions produced during clay mineral transformations at 408 hydrothermal temperatures over relatively short periods of time. 409
In this regard, we note that McKay and Longstaffe (2013) 
Supplementary Materials
Supplementary Text S1. Separation of <2 μm Size-fraction Bitumen was cold-extracted from the starting materials using methanol chloride . For the <2 µm size-fraction, grain-coating berthierine (and other original clay phases) were released from grains by ultrasonication. The spherical equivalent to the <2 μm size-fraction was then obtained by dispersion and then column settling at room temperature according to Stokes Law (Hardy and Tucker, 1988; McKay and Longstaffe, 2013) . Following dialysis with a NaCl solution and then deionized water to remove excess Na+, the <2 µm size-fraction was then freeze-dried. Fig. S1 . XRD patterns of the <2 μm size-fraction of ZB5-prerun with different pretreatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S2 . XRD patterns of the <2 μm size-fraction of post-run solid ZB5C1 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S3 . XRD patterns of the <2 μm size-fraction of post-run solid ZB5C2 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S4 . XRD patterns of the <2 μm size-fraction of post-run solid ZB5C3 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S5 . XRD patterns of the <2 μm size-fraction of post-run solid ZB5C4 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. . XRD patterns of the <2 μm size-fraction of post-run solid ZB6C1 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S8 . XRD patterns of the <2 μm size-fraction of post-run solid ZB6C2 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S9 . XRD patterns of the <2 μm size-fraction of post-run solid ZB6C3 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples. Fig. S10 . XRD patterns of the <2 μm size-fraction of post-run solid ZB6C4 with different pre-treatment: Ca-saturation at 54% RH, vapour saturation with ethylene glycol (EG), and K-saturation at 0% RH and 54% RH, followed by heating to 300°C and then 550°C (from . The 06 band diffraction pattern for randomly oriented samples is also illustrated together with the patterns for the preferred-oriented Ca-saturated samples.
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